A B S T R A C T Although ST segment deflections have been widely utilized as a means of assessing the degree of underlying ischemic injury, the relationship of QRS complex alterations to the ischemic process is poorly understood. In this study we made a beat-to-beat analysis of the QRS complex in terms of ventricular activation time (CT) and R wave voltage (V) in the acutely ischemic porcine myocardium and analyzed the relationship of these responses to changes in the area of ischemic involvement, altered myocardial energy demands, and plasma [K+]o levels.
A B S T R A C T Although ST segment deflections have been widely utilized as a means of assessing the degree of underlying ischemic injury, the relationship of QRS complex alterations to the ischemic process is poorly understood. In this study we made a beat-to-beat analysis of the QRS complex in terms of ventricular activation time (CT) and R wave voltage (V) in the acutely ischemic porcine myocardium and analyzed the relationship of these responses to changes in the area of ischemic involvement, altered myocardial energy demands, and plasma [K+] o levels.
With the onset of ischemia the QRS complex underwent a specific and reproducible biphasic sequence with an initial decrease in CT and V indicating a transient increase in the conduction velocity of the ischemic tissue. Subsequently both CT and V returned briefly to control and then increased dramatically, now indicating a marked decrease in conduction velocity. The time when CT first began to increase (Tc) was shortened by enlarging the area of ischemia or after an inotropic intervention and was lengthened by decreasing the area of ischemia or with administration of propranolol. Moreover Tc was found to be inversely proportional to plasma [K+] o in the range 3.4-8.8 mM, above which the initial decrease in CT and V was no longer present.
We conclude that this biphasic sequence of QRS alterations in early myocardial ischemia is attributable to a progressive leakage of potassium out of the ischemic cells which in turn alters both the time-course and transmural pathway of the activation process through the ischemic tissue. These changes are related to both inotropic state and the area of ischemic involvement.
INTRODUCTION
Although ST segment deflections have been widely utilized as a means of assessing the degree of underlying ischemic injury (1, 2) the relationship of QRS complex alterations to the ischemic process is poorly understood. The casual observations of changes in R wave amplitude noticed by some ST segment investigators after coronary artery occlusion in the dog (3) (4) (5) as well as the more specific studies of Hamlin et al. (6) (7) (8) , Scher (9) , and Durrer and van der Tweel (10) in the dog and goat suggest that ischemic QRS complex alterations may bear characteristic temporal and/or spatial relationships to the underlying ischemic process.
In the present study we have characterized the temporal sequence of QRS complex alterations during early myocardial ischemia in the intact porcine heart, their modification by changes in the area of ischemic involvement, and altered myocardial energy demands, as well as the important role of potassium in their genesis. selected for study. Epicardial electrical potentials were recorded by a firmly attaching atraumatic electrode (diameter, 1.0 cm) recently designed for this purpose (11) . The electrode was positioned over the myocardium supplied by the particular arterial branches selected and fixed to the epicardial surface with a new tissue bonding agent, Eastman 910 (Eastman Chemical Division, Kingsport, Tenn.) (12) .
METHODS
Silk ligatures (00) were placed around the selected artery at various distances from its origin. Reversible occlusion of any of the ligatures was achieved by tightening the silk snares with a polyethylene collar. The duration of the occlusions was limited to 150 s in order that complete electrical recovery of the ischemic tissue could reasonably be assured.
Experimental groups. The following three sets of experiments were performed to elucidate the mechanism underlying the observed ischemic changes in the QRS complex. In the initial experiments (group I), large and small areas of ischemic involvement were compared. Small areas of ischemia were produced by occluding the distal portion of the first or second major left ventricular branch of the anterior descending artery. Large areas of ischemia were produced by an occlusion of the anterior descending artery above the origin of the ventricular branch selected for the small area of ischemia, insuring then that the large area completely enclosed the small area. With occlusion, an area of cyanotic discoloration was identifiable and was drawn to scale on a previously sketched anterolateral view of the porcine heart. The surface area of ischemia so estimated ranged from 2 to 6 cm' with a small occlusion and 12-25 cm' with the larger occlusion.
In preliminary studies the sequence of QRS alterations was similar in both the dog and the pig. However, since they were more reproducible and pronounced in the latter, this animal was chosen as the experimental model for the study. Furthermore, in previous experiments it has been shown that occlusion of a specific length of the anterior descending artery in pigs produces an ischemic area of relatively uniform size and distribution (13) . In addition, the less extensive distribution of collateral vessels in the pig ventricle, as compared to the dog ventricle (14) , insured that occlusion of a single coronary artery branch resulted in an electrically identifiable area of ischemic damage. In group II the pattern of ischemic QRS alterations was assessed in relation to pharmacologically induced alterations in myocardial energy demands. Isoproterenol, a beta-adrenergic agonist, at a constant intravenous infusion (0.4 f&g/ kg per min) and propranolol, a beta-adrenergic antagonist, (intravenous bolus, 1.0 mg/kg) were selected because of their known effects on oxygen consumption in the intact heart. With isoproterenol infusion the heart rate increased an average 64± 10 beats/min (P < 0.005) and arterial blood pressure decreased by 31±7 mm Hg (P < 0.025). After propranolol administration the heart rate decreased an average 21±4 beats/min (P < 0.005) without any significant change observed in blood pressure.
In group III the pattern of ischemic QRS alterations was studied at different levels of plasma potassium ([K+]o).
[ In groups II and III the epicardial electrode was centrally positioned in the cyanotic area. In group I it was placed in the center of the small area of ischemia and left in place when the larger occlusion was made. The manner of ligature and electrode placement in the group I animals is illustrated in Fig. 1 respectively, and were displayed on an eight-channel direct ink recorder and stored on FM magnetic tape (HewlettPackard Co.). The system permits playback of recordings and analysis at equivalent paper speeds of 800 mm/s. Voltage and time alterations in the QRS complex were characterized by the following measurements: Peak R wave voltage (V) before (VN) and during (VI) coronary occlusion was measured from the base to the peak of the R wave with a pair of calipers. Ventricular activation time (CT) before (CTN) and during (CT,) coronary occlusion was defined as the time from base to the peak of the R wave. Some investigators have alternatively referred to this measurement as "epicardial activation time" (15) . The manner in which V and CT were experimentally determined is illustrated in Fig. 2 . In the presence of a discernible Q wave, V and CT were measured from the deepest portion of the Q wave to the peak of the R wave. Changes in V and CT were respectively expressed by the ratios VI/VN and CTI/CTN. At equivalent paper speeds of 800 mm/s, CT could be determined within ±3%.
According to Scher (9) , the genesis of the R wave recorded by an electrode overlying the left ventricular free wall is primarily determined by the depolarization of the underlying ventricular muscle mass in an endocardial to epicardial direction. Any ischemia-induced changes, then, in the depolarization process of the underlying myocardium should be reflected by alterations in the magnitude of the R wave. Similarly CT was measured because it yields the relative, though not absolute, time required by the wave of activation to move through the thickness of the ventricular wall (16) . Although measurements of the duration of the QRS complex are more common, such estimates taken during ischemia are difficult because marked ST segment elevation prevents a clear differentiation between the end of the QRS complex and the beginning of the ST segment.
Verification of Purkinje network. The intramural distribution of Purkinje fibers in a few of the hearts was detailed post-mortem. 1-cm' sections of left ventricular free wall approximating 1.1 cm in thickness were fixed for 24 h with 10%o neutral-buffered formalin. These were embedded and used to prepare 6-,sm serial sections. Sections were cut in an endocardial to epicardial direction and every 30th through 32nd stained with hematoxylin and eosin, WeigertVan Gieson, and Gomori-trichrome aldehyde fuchsin (GTAF) stains. This method yielded approximately 100 slides for examination of Purkinje fiber location in each section taken from the ventricular free wall.
All statistical analysis was carried out using the t test for unpaired samples (17) .
RESULTS
The characteristic temporal sequence of changes in the QRS complex during a 150-s coronary occlusion (slow and fast speeds) is shown in Fig. 3 . TQ-ST segment deflections were observed within 10 s after the occlusion and were seen to rise progressively with the duration of the ischemia. In addition, there was an immediate decrease in peak V after the occlusion, which was followed later by a dramatic increase which reached a plateau after approximately 120 s. With the release of the occlusion V and TQ-ST segment deflections rapidly returned towards normal within 2-4 beats. recorded with an epicardial electrode after acute coronary artery occlusion are illustrated. A decrease in peak V was observed early (20 s) and was followed later (50 s) by a dramatic increase. With the release of the occlusion V and TQ-ST segment deflections rapidly returned towards normal within 2-4 beats.
In Fig. 4 involvement and of isoproterenol and propranolol infusion are shown in Fig. 5 and Fig. 6 , respectively. Tc was significantly and consistently shortened after occlusion of a large coronary artery (P < 0.003) and isoproterenol infusion (P < 0.011). Conversely, it was consistently lengthened with an occlusion of a small coronary artery or propranolol administration (P < 0.007). proximately 60 Am diameter. The cytoplasm was clear, suggesting a rich glycogen content. With serial sectioning the concentration of the fibers was found to be the greatest in the subendocardial layers with gradual thinning and branching out as the epicardial surface was approached. Single, slender fibers were clearly visible through 8 mm in the average 11-mm section of the wall, but could not be identified immediately underneath the epicardial surface of the heart. The presence and concentration of Purkinje fibers at subendocardial and subepicardial levels in the left ventricular free wall of a representative heart are depicted in Fig. 8 . Fibers were observed to travel in various radial and tangential directions throughout the ventricular free wall without regard for the orientation of the neighboring bundles of cardiac muscle.
DISCUSSION
Effects of ischemia and hyperkalemia on the QRS complex. These experiments demonstrate a characteristic relationship between acute myocardial ischemia and the QRS complex. The temporal sequence described herein for the first time in the intact porcine heart is unequivocal and reproducible. The QRS complex alterations are biphasic with an initial small decrease in CT and V (CTI/CTN; VI/VN < 1.0), which is followed by a rapid return to the base line (CTI/CTN = 1.0), and consequently, a characteristic and dramatic increase (CTI/CTN; VI/VN > 1.0) to several times the control levels. With release of the occlusion and reperfusion there is very rapid return to control levels. The observed changes in activation time indicate that the conduction velocity in the ischemic myocardium is initially accelerated (before Tc) and then later depressed (after Tc) by the ischemic process (18) . In addition, the corresponding and near simultaneous change in V suggests that it also is in some manner related to the alterations in the conduction velocity of the depolarizing wave as it travels through the ischemic myocardium.
Potassium leakage from the ischemic cells into the surrounding extracellular space is assumed to be responsible for these biphasic QRS complex alterations. In vitro studies with Purkinje fibers and isolated heart preparations (19, 20) Thus, potassium appears to exert its effects on conduction velocity in at least three different locations within the conduction system of the heart: the Purkinje fibers, the muscle fibers, and the P-M junction.
The evidence which implicates potassium as the agent most likely responsible for the biphasic alterations in CT observed during the course of ischemia is as follows: (a) Potassium is known to be released from ischemic myocardial cells after coronary artery occlusion (24) (25) (26) . (b) The changes seen here in activation time in the ischemic porcine heart are identical to the changes in conduction time observed in the nonischemic but progressively hyperkalemic canine heart. With either increasing duration of the ischemia or a steady infusion of KC1, activation time first decreases and then increases (21) . (c) Injection of KCl into a single coronary artery in the normal (nonischemic) heart results in widening of the QRS complex and increases in R wave height in those leads overlying the distribution of the artery (27) If such an assumption is valid, then Tc is an indicator of the rate at which potassium accumulates extracellularly within the ischemic tissue. As illustrated in Figs. 5 and 6, a shortened Tc induced by either a large coronary artery occlusion or isoproterenol infusion suggests a more rapid rate of potassium leakage and accumulation, ventricular activation abnormalities, and probable membrane injury. An increase in Tc, as observed after propranolol administration, suggests in turn that the rate at which potassium accumulates and ischemic injury occurs has been slowed.
Tc is then a temporal parameter identifying the relative rate of potassium leakage and membrane injury in the ischemic tissue. Tc should be distinguished from 546 R. P. Holland and H. Brooks other measurements made during ischemia, i.e., the area of cyanotic discoloration and ventricular bulging, and sites of TQ-ST segment elevation and CPK depletion which characterize the ischemia in spatial terms identifying its location and extent in the ventricular wall. For instance, in the group I animals occlusion of the larger artery resulted in a larger area of ischemic involvement as determined by the area of cyanotic discoloration. In addition to this spatial change, the rate of potassium leakage was accelerated in the larger area as indicated by a shortening of Tc. How a spatial change in the ischemic process effects a temporal change is not altogether clear. The potassium leakage is believed due to increased membrane permeability brought about by either the lack of adequate oxygen supply and/or the production and accumulation of inhibitory end products of glycolysis such as H' ion and lactate in the ischemic tissue (32, 33) . Presumably a lower oxygen tension, faster production, and slower removal of the inhibitory materials, or a slower removal of the leaked potassium from the larger area could account for the observed difference in Tc. The effect of changes in area on Tc are, however, rather modest. A four-to fivefold increase in the area of ischemia shortened Tc by only 33%.
Although both an increase in the area of ischemia and the administration of isoproterenol resulted in similar decreases in Tc (-33%), it does not necessarily follow that isoproterenol shortened Tc by increasing the area of ischemic involvement, especially not by effecting a fourfold increase (34) . Instead it might have had a more direct effect on the myocardial cell. For example, the heart rate increase induced by isoproterenol could have accelerated the potassium flux out of the ischemic cells just as it does in normal ones (35, 36) . In addition, the greater myocardial metabolic demands imposed by isoproterenol (37) could have accelerated the decline in oxygen tension or the accumulation of end products in the ischemic segment without necessarily effecting a large increase in the area of ischemia. It is significant that anoxia-induced potassium loss in the rat ventricle is enhanced by stimulation (38) .
In a similar manner the lengthening of Tc with propranolol present might be attributable to (a) a decrease in the area of ischemia (39) and/or (b) a decrease in heart rate and in the metabolic demands of the ischemic segment (37) . Furthermore, as observed by Choi et al. (40) , propranolol decreased potassium flux out of normal cells and it may do the same in ischemic ones as well.
The assumptions concerning the effects of changes in both the area of ischemia and pharmacologic intervention on the rate of potassium leakage in the ischemic tissue may have important clinical implications. In many experimental studies the TQ-ST segment deflection which is also strongly potassium dependent (41) (42) (43) has been utilized to judge the efficacy or detrimental effects of various interventions on their ability to decrease the area of ischemia (34, 44) . A decrease in the magnitude of the TQ-ST segment is nearly always attributed to a reduction in the area of ischemia, and although this is often shown to be the case by way of other criteria, some interventions may have merely slowed down the rate of potassium accumulation and have had no demonstrable effect on the area of ischemia and eventual infarct size. Of even more immediate concern, however, are those interventions which change neither the area of ischemia nor the rate of tissue injury but still give the electrocardiographic illusion of doing so. Potassium for instance shortens Tc, suggesting that the rate of tissue injury has been accelerated. At the same time it can severely reduce or even obliterate the TQ-ST deflection (43) , thus suggesting that a reduction in ischemic injury has taken place. At present there is no reason to believe that potassium either increases or decreases the area of ischemia or the rate of tissue injury. Failure to consider the importance of potassium in the genesis of either the QRS or TQ-ST alterations may result in the inappropriate classification of certain interventions as efficacious when, in fact, they may be harmful. The observation that glucose-potassium-insulin administration reduced TQ-ST deflections (45) and histologic evidence of ischemic necrosis (46) is contrary to the clinical findings of Lesch et al. (47) in which it was concluded that tolerance to ischemia was not extended but instead adversely affected by glucose-potassium-insulin administration.
Changes in the pathway of ventricular activation during ischemia. The shape of the ventricular complex recorded at the heart's surface is determined by the pattern of ventricular activation, heart mass, electrode position, and the magnitude and upstroke velocity of the action potential of the muscle cells (48, 49) . Since ischemia and progressive hyperkalemia effect similar changes in CT, the corresponding biphasic sequence of V changes seen during ischemia is presumably the result of alterations in the conduction velocity of the activation wave as it travels through the ischemic region. According to Schaefer and Haas (49) concomitant changes in R wave amplitude and QRS duration are due, in most cases, to an inhomogeneous change in conduction velocity. Changes in action potential configuration cannot account for the R wave alterations because they occur somewhat later in ischemia and, unlike the QRS complex, do not exhibit any biphasic character (32) . because of its extensive transmural Purkinje fiber ramifications (50), the free wall of the ventricle is activated more or less simultaneously in an apex to base direction (51) . This "single burst" of mutually cancelling depolarization accounts for the normally small R/S ratio found in leads overlying the free wall (7) . With the development of ischemia, Hamlin et al. (8) and Durrer et al. (52) suggested that with delayed or "tardy depolarization" the ischemic tissue would be depolarized with a wave front proceeding in an endocardial to epicardial direction, but relatively unopposed because of that "tardiness." This "tardiness" would then account for the observed increase in CT and the unopposed wavefront for the large R waves recorded by electrodes overlying the ischemic tissue. A small decrease in CT, as is observed early in ischemia, would increase the degree of cancellation in the wall and thus decrease the height of the R wave.
The second mechanism supposes that, late in ischemia, not only is the wave of depolarization delayed and CT prolonged, but the direction of wave transmission through the wall is also altered. Pruitt (53) and Durrer et al. (54) concluded that the depolarization wave is normally oriented tangentially in the pig as it moves in an apex to base direction. This concept is illustrated in Fig. 9 . In the pig, the wave would then normally travel from the endocardium towards the epicardium at a relatively oblique angle 81, and with conduction velocity CVi. We suggest that in the presence of ischemia the normal wave is refracted as it enters the ischemic tissue which has a conduction velocity CV2, different from that in the normal myocardium. The new pathway 82 that the wave now assumes can be obtained by applying Snell's Law of Refraction or sin Oi/sin e2 = CV1/CV2
With an increased conduction velocity during early ischemia (before Tc) 02 becomes greater than 81 and the wave assumes a more tangential pathway with the V initially decreasing. Later in ischemia (after Tc) a decrease in CV2 occurs, with 02 now less than 01 and the depolarizing wave now assuming a more radial pathway, with V dramatically and progressively increasing. According to Durrer and van der Tweel (10), because of the widespread Purkinje fiber ramifications and wave front cancellation found in the inner layers of the pig heart, slight changes in the activation process of the subepicardial layers are expected to have considerable influence on the height of the R wave, as suggested by the second mechanism. Thus, the observed R wave changes in the pig may be due to a change in the degree of cancellation in the ischemic tissue, an actual change in the pathway of the activation process, or both.
In conclusion, it is reasonable to characterize the sequence of QRS complex alterations observed in the pig after coronary artery occlusion in the following manner: (a) Changes in CT (CTI/CTN) and V (VI/VN) occur within seconds after occlusion. (b) Changes in VI/VN and CTI/CTN are biphasic with an early decrease and a later increase to several times unity. (c) Changes in V are due to either temporal and/or spatial alterations in the pathway of the activation process in the ischemic tissue. (d) The changes in both CT and V are due to an immediate and steadily increasing extracellular accumulation of potassium in the ischemic tissue. (e) Tc is a measure of the rate of extracellular potassium accumulation in the ischemic tissue. And (f) the rate of potassium accumulation can be altered by changes in the area of ischemic involvement and with the use of selected pharmacologic agents.
